An infrared-imaging system has been used to study the influence of gravity on the kinetics of first positive phototropism. (13) and Avena (14, 15) , and dicotyledonous plants, such as cress (6). In many of these experiments, seedlings were placed on a clinostat following photostimulation to minimize the effect of gravity on the development of the phototropic response. The generally accepted conclusion of these studies is that the seedling will curve upward as a consequence of negative gravitropism following curvature toward a unilateral light source (13, 15 
Since the seminal experiments of Darwin (2) , it has been recognized that phototropic curvature of a plant shoot toward a unilateral light source results in the shoot receiving an opposing gravitational stimulus. Thus, it would be expected that the shoot would grow upward again or straighten as a result of gravitropism during or following the phototropic curvature.
Because gravitropic curvature may confound phototropic curvature, the kinetics of phototropism have been of interest to a number of investigators during the last 100 years. The kinetics of phototropism have been measured in a variety of experimental systems from the fungus, Phycomyces (4), to monocotyledonous plants, such as maize (13) and Avena (14, 15) , and dicotyledonous plants, such as cress (6) . In many of these experiments, seedlings were placed on a clinostat following photostimulation to minimize the effect of gravity on the development of the phototropic response. The generally accepted conclusion of these studies is that the seedling will curve upward as a consequence of negative gravitropism following curvature toward a unilateral light source (13, 15 species, Arabidopsis thaliana. Second, these studies were expected to show that the reversal of curvature or straightening of the seedling following phototropic curvature was a consequence of gravitropism. We characterized the kinetics of phototropic curvature of seedlings on and off a clinostat. Our results indicate that gravitropism has little effect on this straightening.
MATERIALS AND METHODS

Growth Conditions
The Estland race of Arabidopsis thaliana was used in this study. Seedlings were grown as previously described (16) with some modifications. Strips of microassay wells containing 0.7% (w/v) agar supplemented with 1 mM KNOX were sown with two seeds per well. The strips were then placed in transparent plastic boxes sealed with Parafilm and kept for 3 d at 5 ± 1°C in darkness. The boxes with strips were then moved into continuous white light for 19 h at 25 ± 1°C to potentiate germination. The white light treatment was followed by a period of 44 to 48 h of growth in darkness at 25 + 0.5°C and >90% RH until the experiments were started. Immediately before video recording, the strips with plants were removed from the plastic box and placed on a stationary stand or mounted on a clinostat in complete darkness. All manipulations of the seedlings were performed in complete darkness.
Light Sources
White light (65 ,umol m-2 s-') used to potentiate germination was provided by General Electric (Cleveland, OH) DeLux Cool-white fluorescent tubes. The actinic light source for phototropism consisted of a projector equipped with a Sylvania (GTE Products, Danvers, MA) 300-W ELH tungsten halogen lamp and a 450-nm interference filter with a half band width of 10 nm (PTR Optics, Waltham, MA). The duration of actinic irradiation was controlled with a Uniblitz shutter (Vincent Associates, Rochester NY). In all experiments, the phototropic response was induced with a BL pulse of 0.9 s at a fluence rate of 0.34 mol m-2 s-' for a fluence of 0.3 ,umol m-'. This fluence is within the range of fluences inducing the peak response in first positive phototropism of etiolated seedlings ofA. thaliana ( 12, 16 Angles of curvature were measured and recorded using the Java software. In this procedure, one straight line was made along the lower part of the image of the seedling frozen on the screen. A second line was then made as a tangent to the curved portion of the hypocotyl below the hook. The angle of curvature was the angle, theta, between these intersecting lines (Fig. 2) The average time course for phototropic curvature of seedlings rotated on a clinostat (Fig. 6) is very similar to the average time course for stationary seedlings (Fig. 4) . The angle. This source of error is largely a consequence of variability in positioning the straight line tangents.
Line tracings of entire representative seedlings were also recorded from the video images using the Java software. By tracing a seedling image at various times, we generated image sequences showing curvature as a function of time.
RESULTS
The time courses for phototropic curvature to a BL pulse by three individual seedlings demonstrate the considerable variability observed in the responses of different seedlings (Fig. 3 ). An average time course for phototropic curvature can be constructed from the average curvature of a number of seedlings at each time. Such an average time course (Fig.  4) shows a lag time of about 10 to 20 min following the BL pulse during which the seedling shows no measurable curvature. Following this lag period, curvature toward the light source increases with time to a maximum of about 16°at 80 min after photostimulation. Curvature then decreases in a straightening phase, resulting in a loss of about 6°ofcurvature by 180 min after the BL pulse. Control seedlings, treated in the same manner as the experimental seedlings but lacking the BL pulse, showed no significant curvature (Fig. 4) . Some seedlings exhibited no curvature to the unilateral BL (data not shown).
A sequence of line images of a single seedling (Fig. 5 ) demonstrates the curvature and straightening which are shown graphically in Figure 4 for the average of many seedlings. The seedling shown in Figure 5 was selected as representative of the kinetics of curvature. However, this seedling's clinostat. Control seedlings, which were rotated on the clinostat but had not been photostimulated, showed no significant curvature (Fig. 6 ). The effect of RL on the curvature and straightening was examined by measuring the time course for phototropic curvature of seedlings that had been preirradiated from above with 60 min of RL immediately before the BL pulse. The results (Fig. 7) show a curve shape that does not appear to be different from that for seedlings not RL preirradiated (Fig. 4) . The lag phase, time to maximum curvature, and straightening are all similar. However, the amplitude of the curvature is greater for the RL-preirradiated seedlings than for the nonpreirradiated controls. DISCUSSION It has been noted that kinetic measurements are important for an understanding of sensory responses (5, 7) . However, to obtain such data for the phototropism of higher plants, it is necessary to measure curvature in physiological darkness. For this reason, an IR system has been used, such that the response of the seedlings lacks the confounding effect of visible light. This is of particular importance because no wavelength in the visible region of the spectrum can be considered "safe," blue and green inducing phototropism (17) and RL causing the enhancement of phototropism (10) . For these reasons, we agree with lino and Carr (8) (Figs. 4 and  6 ). Third, stationary seedlings exhibit straightening immediately after reaching their maximum curvature, whereas seedlings on the clinostat maintained their maximum curvature for about 30 min before exhibiting straightening.
In several previous papers (13, 15) , plants were reported to develop a stable curvature that was maintained for 26 h. In contrast, we see a phase of straightening beginning 2 h after photostimulation. These differences observed between the response ofA. thaliana and the response of Zea (13) (10) and gravitropism (I18). It is clear from this study that RL preirradiation increases the amplitude of the response but does not significantly affect the straightening (Fig. 7) . However, the RL irradiation protocol used here differed substantially from that used by Nick and Schafer (13 One can also conclude that straightening is not a consequence of a decay in any component in the signal process leading to curvature. Such a decay would be expected to result in a cessation of the development of curvature, resulting in the maintenance of a stable curvature. In contrast, we observed a decrease in the angle of curvature or curvature in the opposite direction, which we refer to as straightening.
One possible hypothesis to explain the straightening is based on a limited pool of material required for or affecting growth on each side of the seedling. Depletion of this pool would be expected first on the side experiencing the greatest rate of curvature. Given a relatively slow replenishment of the pool, depletion of the pool on one side would result in a lower growth rate on that side and, thus, curvature away from the original stimulus or straightening. The spatial distribution of straightening is consistent with this hypothesis. Straightening occurs throughout the curved region unlike the phototropic curvature itself which is initiated just below the hook region and progresses down the hypocotyl (Fig. 5) . The spatial distribution of gravitropism is similar to that of phototropism (data not shown), being initiated below the hook region and progressing down the hypocotyl. The fact that straightening occurs throughout the curved portion of the hypocotyl supports the conclusion that straightening is not a consequence of gravitropism.
Straightening has also been described in the tropistic curvature of maize roots (9) . However, interpreting the results of that study is complicated because the stimulus used was gravity and the presentation was continuous. An attractive hypothesis for straightening was suggested by Ishikawa et al (9) . They base this hypothesis on differences in kinetics on
